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June 2004 Update to the NOνA (P-929) Proposal 
 
Appendix B.   
Totally Active Scintillator Detector (TASD) 
 
B.1. Overview 
 A totally active liquid scintillator detector holds 
the promise of being able to produce better physics 
for the same amount of money as the baseline de-
tector described in Chapter 7 of the March 15, 
2004 NOνA Proposal.  During the last several 
months we have made significant progress in un-
derstanding many of the issues relevant to this 
question in the areas of simulations, methods of 
construction, installation and cost. This proposal 
appendix reports the progress achieved to date in 
these areas. Even though it is premature at this 
time to reach definite conclusions regarding the 
relative merit of the two approaches, we are 
strongly encouraged by the results so far. 
 The TASD detector that has been considered so 
far has a total mass of 25,000 metric tons (25 kT), 
half that of the baseline detector.  Like the baseline 
detector, TASD is a tracking calorimeter with al-
ternating vertical and horizontal planes of active 
liquid scintillator contained in PVC extrusions, as 
shown in Figure B.1.  Unlike the baseline detector 
there is no passive absorber, so TASD is 85% ac-
tive liquid scintillator and 15% PVC.  Each of 
1845 planes in the detector is made from 14 extru-
sions, each 17.5 m long and 1.28 m wide.  The 
1.28 m width is composed of 32 cells, each 3.9 cm 
wide transverse to the beam directions and 4.5 cm 
deep along the beam direction.  There are 1 mm 
thick internal PVC walls between the cells in each 
extrusion and 2 mm thick external PVC walls.  A 
looped 0.8 mm diameter waveshifting fiber in each 
cell routes light to an APD readout, with both ends 
of the fiber feeding the same APD pixel.  The 
APDs and their readout are identical to the base-
line detector readout described in Chapter 7 of the 
NOνA Proposal.  The detector readouts are lo-
cated on the top and on one side of the 17.5 m by 
17.5 m device.  These parameters are similar but 
somewhat different than for the baseline detector, 
the differences being the first attempt to optimize 
for a rather different kind of a detector.  

  
Mass 25 kT 
Width 17.5 m 
Height 17.5 m 
Length  90.4 m 
Number of Layers 1845 
Mass of PVC extrusions 3.85 kT 
Mass of Liquid Scintillator 21.15 kT 
% of detector which is active 85 % 
Table B.1: Totally Active Scintillator Detector (TASD) 
Parameters. 
 
 

 
 
 
 
 
Figure B.1: TASD is composed of 17.5 meter long PVC 
extrusions filled with liquid scintillator.  Each succes-
sive layer of the detector has alternating horizontal and 
vertical cells. 
 
B.2. Detector Design 
B.2.1. Overview:  The parameters of the TASD 
active elements are listed in Table B.2.  Compared 
to the NOνA baseline detector, the extrusions are 
wider (32 cells to match the APD 16-channel unit 
vs. 30 cells) and the cells themselves are deeper 
along the beam direction to give more light (4.5 
cm in TASD vs. 2.56 cm in the baseline).  Com-
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pared to the NOνA baseline detector, the extru-
sions are longer, 17.5 m vs. 14.6 m.  The cell 
thickness and the cell length are such that the light 
reaching the APD from the far end of the cell is 
the same in TASD as for the baseline.   
 
 
Extrusions 

Polyvinyl Chloride 
(PVC)  

with 10-15% TiO2 
for reflectivity 

Extrusion Length 17.5 m 
Extrusion Width 1.28 m 
Extrusion Thickness 4.9 cm 
Cells per Extrusion 32 
Extrusion Outer Wall Thick-
ness 

2.0 mm 

Extrusion Inter-Cell Wall 
Thickness 

1.0 mm 

Density of PVC 1.3 g/cc 

Extrusion Mass (Empty) 149 kg 
Cell Width (inside dimension) 3.9 cm 
Cell Thickness (inside dimen-
sion) 

4.5 cm 

Cell Volume 0.030 m3 

Extrusions in the Detector 25,830 
PVC Mass in the Detector 3,850 metric tons 
Liquid Scintillator Bicron BC517L 
Density of Liquid Scintillator 0.860 g/cc 
Liquid Scintillator Mass (per 
cell) 

25.6 kg 

Liquid Scintillator Mass (per 
extrusion) 

819 kg 

Extrusion Mass (Full) 968 kg 
Cells Per Plane 448 
Number of Cells in the Detec-
tor 

826,560 

Liquid Scintillator Mass in the 
Detector 

21,150 metric tons 

Wavelength Shifting Fiber 
(WLS) 

Kuraray 

WLS Diameter 0.8 mm 
WLS Length Per Cell 35 m 
WLS Length for the Detector 30,583 km 
WLS Volume in the Detector 15.4 m3 

WLS Mass in the Detector 15.9 metric tons 
Table B.2: TASD Element Parameters 
  
 
The PVC material, Liquid Scintillator, Wave-
length-Shifting (WLS) fiber, Avalanche Photodi-
odes (APD), and Data Acquisition used in TASD 
are identical to that described in Chapter 7, Sec-
tions 4, 5, and 6 of the NOνA proposal. 

B.3. Structural Considerations 
B.3.1.Overview: In the baseline design an 8-inch 
thick lamination of particleboard easily provides 
the structure to hold its own mass and the addi-
tional 19% more mass in the form of a 1-inch thick 
PVC extrusion loaded with liquid scintillator.  The 
function of the PVC extrusion is to hold the liquid 
in a specific shape.  In TASD the extrusions must 
do both jobs: contain the liquid and provide the 
strength to hold up a 25 kT structure.   
  The elastic modulus of particleboard and PVC 
are very similar, with both around 0.4 x 106 psi.  In 
the case of the baseline detector made of 15 m tall 
particleboard, the loads are within structural safety 
margins as might be expected for a wood structure 
about 4 or 5 stories (48 ft) tall.  For the TASD de-
sign, it is clear that we need to understand the de-
tails of a structure 17.5 m high (5 or 6 stories, 57 ft 
high) made from PVC with no part thicker than 2 
mm.  This would be a unique structure and is by 
no means a standard application of building mate-
rials. 
  The following sections are an attempt to analyze 
this structure in simple steps to give the reader 
some confidence that the composite structure can 
support the 25 kT load.  The work described below 
is fairly new and will require more checking.  We 
believe it will be prudent to test mock-up sample 
portions of this structure to destruction to verify 
the engineering calculations. 
 
  
B.3.2.Structural Analysis of a Single Vertical Cell: 
A simple finite element analysis of a single verti-
cal cell against the hydrostatic pressure of the con-
tained liquid in a 17.5 m high cell indicates that a 
cell with 2 mm thick PVC walls can just contain 
the hydrostatic pressure of the liquid column with 
a safety factor of 1.09, see Figure B.2.  Common 
engineering practice allows structures that use up 
to 67% of the yield of the material – this would 
correspond to a safety factor of 1.5, so we are 
short of the standard requirement. 
  Adding a ~3 mm radius chamfer at the corner of 
the cell increases its strength to a safety factor of 
1.55, which is encouraging (see Figure B.3).  Such 
a chamfer also alleviates the loss of light which 
can occur if the WLS fiber lands in the corner of 
the cell.  See the NOνA proposal, Figure 7.11.  
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Figure B.2. Finite element analysis of a single vertical 
cell.  The pressure at the bottom of the cell is 20.9 psi 
due to the 17.5m of liquid in the cell. 
  

 
Figure B.3.  Finite element analysis of a single vertical 
cell with a chamfered corner. 
 
 
B.3.3.Structural Analysis of Horizontal Cells:  
We now examine the stresses within a set of 32 
horizontal cells in one horizontal extrusion mod-
ule.  The liquid in these cells is a connected mass 
via the manifold which allows filling and WLS 
fiber routing.  When filled with liquid, the thin 1 
mm cell dividers in the module are in tension and 
just keep the side walls from bowing outwards.  
As shown in Figure B.4, the pressure in the cells 
rises from 0.0 psi in the top cell to 1.49 psi in the 
bottom cell as the weight of the liquid above ac-
cumulates.  This pressure is small compared to the 
vertical cell case just analyzed in the previous sec-
tion, since the column of liquid contained is only 
one-fourteenth as large.  

Figure B.4.  A cross-section of the cells in a horizontal 
extrusion. 
 
 
  Next we consider two 1.28 m wide extrusions 
stacked horizontally on top of each other.  Now we 
have a thick membrane between the extrusions 
with two 2 mm walls forming a 4 mm stiff beam 
as shown in Figure B.5.   

        
Figure B.5.  Diagram of the interface between two 
stacked extrusions.  Think of this as a “half-ladder” 
diagram with a stiff 4 mm thick rung passing the loads 
laterally to the 2 mm thick side walls of the extrusion.   
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A finite element analysis finds that the maximum 
stress in the 4 mm beam is only 94 psi as shown in 
Figure B.6.  This analysis assumes the two 2 mm 
beams are bonded together.  If there is no bonding 
and the two beams just sit on top of one another, 
the stress will double for each beam.   
 

 
Figure B.6.  Finite Element analysis of the interface 
between two stacked extrusions. 
 
  One more calculation is required to understand 
the horizontal extrusions under load.  The vertical 
side walls will suffer from a buckling stress as the 
load above the bottom cell attempts to pancake 
that cell.  We remind the reader that we are still 
calculating a worst case here and taking no credit 
for the adjacent vertical cells in the detector.  In 
this case the engineering rule of thumb is that a 
safety factor of 3 is required against such buckling 
collapse.   
  Figure B.7 shows the result of the finite element 
analysis of the PVC cell assuming all the top load 
transfer is through the side wall.  The load from 
the 14 filled and stacked extrusions is 22.3 pounds 
of force per inch.  The 1.5 psi hydrostatic pressure 
from the liquid inside that one bottom cell of the 
bottom extrusion is also included.  The calculated 
safety factor is 3.3. 
  Finally, having determined that the bottom hori-
zontal cell will not buckle, Figure B.8 shows the 
finite element stress plot for the same cell.  This is 
the calculated actual working stress for the walls 
and the result is well within the limits of the PVC 
material. 

 
Figure B.7.  Lowest cell buckling calculation assuming 
all the top load transfer is through the side wall. 
 
 
 
 
 
 

 
Figure B.8.  Calculated working stress in the bottom 
horizontal cell. 
 
 
 
 
B.3.4.Composite Structural Analysis: 
The simplified cases discussed in the previous two 
sections do not take into account the fact that 
every vertical cell is trapped by supporting hori-
zontal cell walls spaced every 4 cm.  Similarly 
every horizontal cell exterior wall is adjacent to a 
2 mm thick vertical cell wall and is trapped by 
vertical cells with interior walls spaced every 4 
cm.  These exterior cell walls in the adjacent ex-
trusion plane act as buttresses against the forces 
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seen by the central extrusion.  Only the first and 
last walls of the detector will not see the buttress 
effect. This is illustrated in Figure B.9.  
  

                                                      
Figure B.9.  Detail of the PVC cell structure in the al-
ternating vertical and horizontal extrusions.  
 
  The composite structure with bonded laminations 
of vertical and horizontal extrusion cells should be 
much stronger than any single cell in isolation.  A 
preliminary finite element analysis of this compos-
ite structure assuming perfect bonding between the 
layers indicates that this structure should have a 
very high safety factor greater than 20.  The analy-
sis indicates a maximum stress in the PVC of only 
about 1000 psi.  We need to check all these calcu-
lations and we will need to test sample structures 
to verify the calculations.   
 
 
B.4. Detector Construction 
B.4.1. Module Factories: The multi-cell PVC 
modules will be purchased as units from commer-
cial extruders and shipped directly to three assem-
bly factories, likely located at collaborating insti-
tutions.  The assembly factories install the end-cap 
seal on each extruded module, install the looped 
WLS fiber in each cell of the module, and route 
the fiber ends through a manifold that both seals 
the second end of the extrusion and directs the fi-
bers to an optical connector.  The factories will 
leak test each extrusion before shipping to the far 
site.  To complete the modules during 4 years (200 
working days per year) of construction, each fac-
tory must complete 12 modules per day with a 
crew of 4 technicians.  This is the same module 

construction rate we assumed in the baseline even 
though the TASD modules are a little longer and 
have 32 instead of 30 cells.  
 
B.4.2. Installation at the Far Site: Compared to 
the baseline detector, TASD has half the mass and 
so construction at the Far Site handles half as 
much material.  In fact the baseline design has 
144,000 pieces (PVC extrusions and sheets of par-
ticle board), while TASD has only 25,830 extru-
sions to handle.  Therefore installation of the 
TASD Far detector can be completed in half the 
time with a smaller size installation crew than as-
sumed in the baseline design.  We could install 
this detector in only 2 years.  This is an advantage 
because the four year long factory assembly line 
can begin in parallel with the Far Detector Build-
ing construction during the first part of the con-
struction project. 
 
B.4.3.Assembly Procedure: We have examined 
two modes of construction at the Far Site.  In the 
first, we minimize the movement of material by 
lifting a completed PVC extrusion module directly 
from its shipping crate to the final position on the 
face of the detector.  Each 149 kg module would 
be “glued” in place such that an installation pace 
of 35 extrusion modules per shift could be main-
tained.  This rate installs 5 full planes per day dur-
ing two shifts.  We use the word “glue” above to 
cover various possible techniques including actual 
glues, ultrasonic welding, or PVC welding using 
heat plus sticks of additional PVC material.   
 An alternate mode of construction would assem-
ble super-planes of detectors on the floor of the 
building.  We imagine assembling 10 – 20 planes 
of the detector in this horizontal mode, creating a 
super-plane that is 0.5 – 1.0 meter thick and 17.5 
m by 17.5 m on a side.  At 2.1 metric tons per sin-
gle PVC plane, this empty super-plane structure 
would weigh 21 – 42 tons and be raised into posi-
tion by a strong-back in a construction technique 
much like that used for the 8 m diameter MINOS 
Far Detector planes as shown in Figures B.10 and 
B.11.  This technique makes the gluing of adjacent 
planes simpler (gravity assists to hold the modules 
in place) with the complication of raising the lar-
ger assemblies and attaching them to the growing 
empty detector mass. 
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Figure B.10. Assembly of a MINOS plane on the floor 
of the detector hall. 

 
 
Figure B.11. Raising a MINOS plane using a strong-
back. 
 
 
B.4.4.Filling the Detector with Liquid Scintillator:          
In the baseline design 2 shifts with 2 person crews 
are adequate to fill the detector with liquid scintil-
lator at 5 gallons per minute.  This is the same rate 
used in filling MACRO.  In the TASD design, 3 
times as much liquid must be pumped into place in 
half the time.  A rate of 15 gallons per minute 
seems attainable, but we still need twice as many 

people per shift compared to the baseline design 
and this is in our cost estimate.   
  The higher rate of liquid consumption during 
construction also has implications for mixing the 
mineral oil with pseudocumene at the far site be-
cause larger storage tanks and multiple mixing 
systems would be required.  Instead of mixing on 
site, we are investigating vendors to do the mixing 
at their plants before shipping the mineral oil north 
from Texas.  We would still keep a 2 week buffer 
of mixed product at the far site and that would re-
quire about the same number of storage tanks as in 
the baseline detector. 
    The quality assurance testing effort at the far 
site would also be larger and need to keep up with 
the incoming shipments.  Sufficient storage capac-
ity would have to exist such that mixed loads fail-
ing our QA procedure could be rejected without 
schedule impact.   
 
B.5. TASD ES&H Considerations 
  The ES&H issues for the TASD design are simi-
lar to the baseline design as discussed in Chapter 
7, Section 7 of the NOνA proposal.  The ES&H 
concerns for the flammability of the absorber dis-
appear, but similar concerns and environmental 
concerns for the liquid scintillator increase as the 
mass of the liquid scintillator increases from 6.9 
kT to 21.2 kT.  We will likely have to design in-
creased secondary containment systems for this 
increased mass of liquid scintillator. 
 
B.6. Simulations of Detector Performance 
  The simulations of this detector for the νµ  νe 
appearance channel are somewhat more sophisti-
cated and complex than for the baseline so as to 
take advantage of the more extensive information 
available. They naturally divide into several se-
quential parts: 
 

a) Generation of the event interaction.  
b) Calculation of the detector response to the 

generated tracks. 
c) Reconstruction, i.e. track finding and fit-

ting. For more than 1 hit in a plane, the fit 
uses mean of cell positions weighed by 
pulse height. 

d) Calculation of various parameters associ-
ated with each track. 
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e) Assignment of particle identity to each 
track (e, µ, p, γ or neither).  

f) Calculation of interaction vertex and an-
gles of γ’s with respect to the electron 

g) Preliminary identification of events with 
the right measured energy and with poten-
tial electron candidates in both planes and 
no µ’s or γ’s (compatible with making a π0 
with the electron) 

h) Optimization of signal/background separa-
tion using maximum likelihood method 

 
  For the oscillation parameters and the total rates 
we have used: 

a) Current best estimates for atmospheric pa-
rameters, i.e. ∆m2

23 = 2.5 x 10-3 eV2 and 
sin2θ23 = 1. 

b) P(νµ  νe) = 0.05, i.e. somewhat below 
the CHOOZ limit. 

c) Source to detector distance of 810 km. 
d) Detector at 12 km transversely from the 

beam line. 
e) Total exposure of 125 kT yrs (before fidu-

cial volume cuts) with 3.7 x 1020 protons 
per year. 

f) The NuMI medium energy beam configu-
ration. 

  
 
B.7. Detector Performance 
  We address next the issue of detector perform-
ance, emphasizing those features that are most 
relevant for the physics of highest current interest. 
 
B.7.1. Energy resolution: There are several areas 
where energy resolution helps in quality of physics 
obtained. In brief, they are: 
 

a) In reducing the intrinsic beam νe back-
ground for the νµ  νe appearance analy-
sis. This is the only handle one has on that 
background. 

b) In reducing the NC and νµ CC 
backgrounds for this analysis; the energy 
distributions from these two sources 
generally will not peak at the oscillation 
maximum and be much broader. 

c) In measuring the dominant oscillation 
mode parameters. 

d) In dividing the identified νµ  νe into dif-
ferent energy bins so as to get a better 
handle on matter effect and hence the 
mass hierarchy. 

 
For the first two, the energy resolution should be 
good enough so that there is no appreciable broad-
ening in the measured energy resolution due to 
that reason, the eventual cut being determined by 
the natural spread of the beam accepted. For the 
last two, one wants energy resolution as good as 
possible.  
  The true and measured energy distributions for 
all events with reconstructed electron track are 
shown in Figure B.12. The additional spread in 
measured energy distribution due to the resolution 
is hardly perceptible – the RMS width changes 
only from 19.2% to 21.4%. 
  Another useful way of looking at the energy reso-
lution is to look for correlations with the fraction 
of the total energy that goes into the electron, ef-
fectively the (1-y) parameter of the interaction.  
This information is shown in Figure B.13 for all 
the events with a reconstructed electron, where the  
energy information is represented as DELE, de-
fined as the difference between the true and meas-
ured energies divided by square root of true energy 
in GeV. The scatter plot of the left shows DELE as 
a function of (1-y). Clearly as y approaches zero 
the number of events increases and the energy 
resolution improves. The middle plot shows the 
mean energy as function of (1-y) indicating ade-
quate weighing of hadronic and electromagnetic 
energy deposition. Finally, the plot on the right 
shows DELE distribution; the width of the fitted 
curve is +-8.7%. Restricting that sample to events 
passing all cuts for νe  identification, reduces this 
width to +-6.7%. 
  
B.7.2. Electron / muon separation: The electrons 
and muons look quite different in the TASD detec-
tor. The electrons tend to deposit more energy per 
plane and are more “fuzzy”, i.e. have more hits per 
plane. In addition, electrons, because of their 
showering nature tend to have larger RMS spread 
of the accepted hits and also have more gaps, 
whereas the muon tracks are rather continuous. 
These are the principal parameters that distinguish  
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Fig.B.12. True and measured energy distributions for 
all events with a reconstructed electron track  
 
 
 
 
 

 
 
Fig.B.13. Measured – true energy difference divided by 
square root of true energy in GeV as function of (1-y) 
parameter. 
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muons from electrons and the separation is excel-
lent. This is illustrated in Figure B.14 where we 
show the first two of these parameters, i.e. average 
pulse height per plane and the average number of 
hits per plane, both for the electrons and the 
muons. The muon hits/per plane distribution is 
significantly broadened by the finite angle of the 
muon with respect to the beam direction, i.e. 
crossing of two cells in one plane. Once that is 
corrected the distribution will be even narrower. 
 

 
 
Figure B.14. Distributions of average pulse height/plane 
(left) and average no of hits/plane (right) for electron 
CC events (top) and muon CC events (bottom). 
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Figure B.15 also illustrates the TASD perform-
ance in separating electrons and muons.  We 
generated 40,000 νµ CC events and 40,000 νe 
CC events.  General cuts were applied for fi-
cucial volume, for events with energies clearly 
too high or too low to be of interest, and for 
events with no tracks found.  We then require 
the νe events to have a found electron with an  
 
 
 
 
 
 

average number of hits per plane > 1.4, and re-
quire the νµ events to have a found muon with 
an average number pulse height per plane < 550.  
The remaining events are separated into two bins 
by event total energy, and for each energy band 
the average pulse height per plane is plotted vs. 
the average number of hits per plane.  
 
 
 
 
 
 

 
 
 
Figure B. 15.  Average pulse height per plane vs. average number of hits per plane plotted for low energy events 
(left) and high energy events (right).    Electrons are in blue, muons are in red.  The “entries” in each plot are un-
weighted and the higher energy events typically have rather low weights in our analyses.  Thus the sum of total 
weights in the left and right plots are approximately equal.  See text for additional details. 
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The above distributions, as well as other similar 
ones not shown here, indicate that the elec-
tron/muon separation is very clean. Thus the main 
mechanism for muon CC events looking like elec-
tron CC events would be production of π0’s which 
then simulate electrons. 
 
B.7.3. Acceptance:  The analysis of simulations in 
the baseline detector requires that one keep only 
the events with relatively low y, i.e. effectively  
quasielastic, in order to keep the signal to back-
ground ratio at an acceptable level. More specifi-
cally the baseline imposes a cut of >0.7 on the 
fraction of total final state energy carried off by 
the electron.  
   The performance of TASD in this respect is il-
lustrated in Figure B.16. The top figure shows the  
 

 
 
Figure B.16. Number of events as a function of fraction 
of total observed energy assigned to the electron track. 
All νe CC events with a reconstructed electron (top); 
accepted signal events (middle) and accepted back-
ground events (bottom). 

effective (1-y) distribution for all νe  events with a 
reconstructed electron in both views; the middle 
one for that subset which passes the overall accep-
tance criteria (discussed below) and the bottom 
one for the accepted NC and νµ CC background 
events. The distribution falls off slightly near unity 
because even if an electron takes all the energy, 
generally some of it will not be included in the 
road used for assignment of hits to a given track. 
The efficiency of acceptance is very high for      
(1-y) > 0.7, but is still non zero down to a value of 
0.5. One of the goals of additional work on the 
improvement of analysis is to extend this recon-
struction and acceptance region without introduc-
ing proportionately more background.  
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B.8. Typical Events 
  We present a few typical events that illustrate the performance of the detector, using one example of 
each category of events: passing νe CC, failing νe CC, passing NC background and passing νµ CC back-
ground. These events really are rather typical in so far that no special effort has been made to select them. 
They illustrate the most important characteristics of the different categories of events: the passing νe 
events tend to be rather clean without much extraneous pulse height and with most of the energy in the 
electron. On the other hand the failing νe events have most often a low energy electron. Both NC and 
νµ  CC background events tend to have an energetic π0 that is called an electron and the muon from the 
νµ  CC background events has rather low energy. In addition these background events tend to be some-
what “messier”.  Each figure has the X-Z view on top and the Y-Z view on the bottom. 

 
Figure B.17.  Good νe CC event,   νe + A  p + e- + π0 ,     Eν  = 1.65 GeV 

In this figure, as well as in the ones to follow we display on the left the event using only the indicated color code to 
show the relative pulse height. On the right we also plot the trajectories of the final state particles: charged leptons in 
red, charged pions in blue, protons in black, and π0 in green.  The length of the colored trajectory is proportional to 
the energy of the particle but is not its expected length in the detector.  The scale units are numbers of cells. 

 

 
 Figure B.18.  A νe CC event which fails,    νe + A  p + e- + π+ + π-,     Eν = 1.87 GeV  
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Figure B.19.   A background νµ CC event,    νµ + A  p + µ- +  π0 +  π0 ,     Eν  = 1.70 GeV 
 
 
To repeat the display code, we show on the left the event using only the indicated color code to show the relative 
pulse height. On the right we also plot the trajectories of the final state particles: charged leptons in red, charged 
pions in blue, protons in black, and neutral pions in green.  The length of the colored trajectory is proportional to the 
energy of the particle but not to its expected length in the detector.  The units are in numbers of cells. 
 
 
 

         
               
 Figure B.20.   A background ν NC event,    ν + A  p + π- + π- +  π+ +  π0 + ν ,     Eν  = 4.95 GeV 
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B.9. Results of Simulations on νµ  νe Ap-
pearance. 
  Based on the procedures described above we 
have obtained the first results for the sensitivity of 
TASD for observing νµ  νe appearance. We 
should emphasize that the analysis used so far is 
still in early stages of development and undoubt-
edly several significant improvements in recon-
struction, particle identification, and sig-
nal/background separation will be achieved in the 
future. 
     The results presented below are based on a 
sample of 10,000 events each of νe CC, νµ  CC, NC 
below 6 GeV, and NC up to 20 GeV. The events 
were generated with uniform energy distribution 
and then weighted according to the expected spec-
trum at the detector location. The cutoff at 6 GeV 
was imposed since no events above that energy, 
with the exception of NC channel, will pass our 
cuts. 
  One can calculate the number of signal and back-
ground events as a function of a cut in the maxi-
mum likelihood ratio of the probability of an event 
being background or signal. For each cut value 
one can then calculate the figure of merit (FOM) 
defined as the number of signal events accepted 
divided by the square root of number of back-
ground events. This is equivalent to the number of 
standard deviations for the presence of a signal at 
the assumed value of νµ  νe transition probability. 
  The results of the analysis are presented in Figure 
B.21 where we choose to plot the relevant values 
not as a function of cut parameter but rather the 
more meaningful number of accepted events.  As 
one can see from the figure, at the rather broad 
FOM maximum one detects 90-100 events with a 
background of 12-15 events. Furthermore the 
νµ  CC background is less than 1 event in that re-
gion. The total number of oscillated events for this 
exposure and these parameters is 312, before any 
fiducial volume or energy cuts. The TASD FOM 
value at maximum is 25-26, essentially the same 
as for the baseline detector.  
 
 
 
       

 
 
Figure B.21. Figure of Merit (FOM) and number of 
background events as a function of number of accepted 
events 
 
  Comparing TASD to the baseline detector we 
find that TASD has: 
• Exposure = 125 kT-years 
• signal = 108 events 
• background = 12 -16 events 
• figure of merit = 26 - 27 
• oscillated νe efficiency = 32% 
(the signal, background, and FoM are corrected 
here to match the assumption in Appendix D of 
4x1020 pot/year vs. the 3.7x1020 pot/year assumed 
in the plots in this appendix.) 
 
The baseline detector (see Appendix D of the 
NOνA proposal) has:  
• exposure = 250 kT-years 
• signal = 125 events 
• background = 26 events 
• figure of merit = 24.5 
• oscillated νe efficiency = 18% 
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B.10. Other Physics 
B.10.1.  Measurement of the Dominant Mode Os-
cillation Parameters: 
  We have also performed a preliminary study of 
how well one could use TASD exposure to meas-
ure the dominant oscillation mode parameters, 
∆m2

23 and sin22θ23. This study was limited to the 
use of quasielastic νµ  CC events and relied on a 
parametric representation of energy resolution 
without full blown reconstruction. This procedure 
is justified by the nature of these events which are 
extremely clean as is demonstrated by a typical 
quasielastic event displayed in Figure B.22. 
     The limitation on the precision of the meas-
urement of ∆m2

23 and sin22θ23 will be statistical at 
some level but probably more importantly due to 
potential systematics. This is especially true of 
understanding the energy scale which is directly 
related to the determination of the value of ∆m2

23. 
More specifically nuclear reabsorption of pions  
 
 

 
 
Figure B.22. An example of a quasielastic νµ  CC inter-
action  in the TASD detector. Note the proton scatter 
near the end of its range. 
 
 

 
produced in the primary interaction could simulate 
quasielastic events and shift the energy scale. We 
have made an attempt to estimate the size of vari-
ous systematic errors and feel that the error on in-
dividual event total energy measurement can be 
kept at a level of 2-4% and the energy scale can be 
understood to better than 2%. All of the energy is 
visible and can be measured except for energy loss 
in PVC walls. That fraction can be estimated quite 
accurately from the trajectories. 
     The calculated 1-sigma and 2-sigma contour 
plots are displayed in Figure B.23 for a 125 kt yr 
exposure and assumed values of sin22θ23, of 0.95, 
0.98 and 1.00, using a +-2% error on energy de-
termination. The contour plots do not change 
markedly as one increases this error to 4%. It is 
worth noting that the precision of sin22θ23 im-
proves significantly as one approaches unity; thus 
a possible departure from unity can be observed 
even if the true value of sin22θ23 is close to one.   
 
 
 
 
 

 
Figure B.23. 1-sigma and 2-sigma contours for simulta-
neous measurement of ∆m2

23 and sin22θ23 from disap-
pearance of νµ  CC events assuming use of only quasi-
elastic events and a 125 kT-year exposure. 
 
 



 

B-16 

B.10.2. Matter effects: 
      The optimization of energy, longitudinal dis-
tance and transverse distance is somewhat differ-
ent for maximum sensitivity for observing νµ  νe 
transition and for optimum determination of the 
mass hierarchy. One might thus contemplate two 
detectors at different transverse and/or longitudi-
nal locations, each one optimized for the different 
possibility. 
      We have investigated to what extent one can 
obtain sufficient spread in energy, together with 
adequate neutrino energy measurement, at one 
location with a TASD detector so as to improve 
matter effect sensitivity. The separation by energy 
is illustrated in Figure B.24. The separation cut is 

made by the measured energy; and the true neu-
trino energy is plotted. There is clearly a signifi-
cant (~500 MeV) and relatively non-overlapping 
separation between the central values of the lowest 
and highest energy groupings.  
       For the initial running, when the main limita-
tion is due to statistics, a potential analysis based 
on different energy values will probably not con-
tribute much additional information. On the other 
hand, looking into the future, when one might an-
ticipate significantly higher event rates due to in-
creases in detector mass and/or proton intensity 
(proton driver?), the ability to make such a separa-
tion might contribute significantly to the intrinsic 
physics capabilities of the experimental program. 

 
 

 

 
 
 
Figure B.24. The true neutrino energy spectra (in GeV) for three different sets of events grouped  
                          by the measured final state energy. 
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B.11. TASD Cost Estimate 
We have followed the same methodology to estimate the TASD cost as that used for the baseline detector 
in Chapter 13 of the NOνA proposal.  The results are shown in Table B.3.  This cost estimate is $ 11.8 M 
(about 8%) higher than the baseline detector cost estimate. 
 
WBS Description Base Cost Overhead Contingency Sub-total

1.0 Near Detector 3,576,039 715,208 4,291,247 8,582,494

2.0 Far Detector
2.1 Absorber 0 0 0 0
2.2 Active Detector 63,085,322 2,259,734 18,975,965 84,321,021
2.3 FEE, Trigger and DAQ 8,335,880 835,237 5,049,761 14,220,877
2.4 Shipping&Customs Charges 4,290,330 858,066 1,072,583 6,220,979
2.5 Installation 6,050,554 1,577,944 2,884,511 10,513,009

Detector Sub-total 81,762,086 5,530,980 27,982,819 115,275,886

3.0 Building and Outfitting
3.1 Building 12,093,380 362,801 7,249,051 19,705,232
3.2 Outfitting 4,589,748 137,692 4,727,440 9,454,880

Building and Outfitting Sub-total 16,683,128 500,494 11,976,491 29,160,112

4.0 Active  Shield 0 0 0 0

5.0 Project Management 3,935,000 1,085,650 1,004,130 6,024,780

TPC Total Project Cost 105,956,253 7,832,332 45,254,688 159,043,273
 
Table B.3: Work Breakdown Structure and second generation cost estimate for TASD. 
 
 
 
Some of the major differences between the TASD 
cost and the baseline detector cost are outlined 
below. 
 
B.11.1. Near Detector:  The TASD Near Detector 
is more expensive because it has more electronics 
channels.  We have estimated the cost of a 120 ton 
Near Detector with only a 3 meter long fiducial 
volume as a totally active detector in this cost es-
timate, following the philosophy of the baseline 
detector as described in Chapter 9, Section 9.3.2 of 
the proposal.  In both cases a major cost driver is 
the use of MINOS-style PMTs and electronics in-
stead of APDs.  We are reconsidering this elec-
tronics design.  
 
B.11.2 .Absorber:  There is no absorber in TASD.  
 

 
 
B.11.3. Active Detector:  TASD is more expensive 
because it has more scintillator, more extrusions, 
and more WLS fiber.  We do take advantage of a 
quoted price break for fiber in quantities of  > 20 
million meters. 
 
B.11.4. Front End Electronics:  TASD has 
827,000 channels vs. only 540,000 in the baseline 
detector. 
 
B.11.5. Shipping Costs:  TASD is cheaper because 
there is no absorber to ship even though there is 
more oil to ship. 
 
B.11.6. Installation: TASD uses the same size in-
stallation crew but is cheaper because it can be 
installed in half the time, having only half the de-
tector mass. 
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B.11.7. TASD Building:  The TASD building is 
cheaper because it is narrower (73 ft vs 116 ft), 
only slightly taller (87 ft vs. 78 ft), and signifi-
cantly shorter (377 ft vs. 642 ft) than the baseline 
design.  This is because TASD is only 25 kT. 
 
B.11.8. Cosmic Ray Active Shield:  Unlike the 
baseline design, the TASD design would not have 
an active cosmic ray shield.  Since the detector 
itself is 85% active, it is effectively self-shielding. 
 
 
B.12. R&D for the TASD Design 
  There are a number of areas where additional 
work and/or modifications of the design of the 
experiment may provide a significant improve-
ment and give a better “bang for the buck”. We 
enumerate some of them briefly below.  A more 
detailed overview of NOνA R&D is presented in 
Appendix C. 
 
B.12.1. Improvements in the analysis:  
  The analysis presented here is still somewhat 
primitive and less mature than for the baseline de-
tector. Furthermore, because of significantly more 
information here, additional sophistication in this 
analysis is likely to be quite productive. 
 
B.12.2. Optimization of hardware design: 
  The design used so far for the simulation is just 
the best guess as to what might be close to opti-
mum. Undoubtedly, modifications slightly away 
from it might improve physics capabilities. Some 
specific areas that come to mind are: 
    Modifications of the cell size could be made to 
decrease the cost without significantly decreasing 
physics capabilities. 
    The light output could be decreased either by 
lower fluor concentration or by thinner wavelength 
shifting fibers. The design here was chosen so as 
to give the same light output as for the baseline 
detector. Because of much higher information den-
sity it is quite likely that lower light output will not 
degrade physics capabilities.  A lower cost scintil-
lator and/or cheaper WLS fiber cost would allow a 
larger detector for the same price. 
    The amount of inert material could be increased 
from the current value of approximately 15% of 
PVC by weight. This could be done, for example, 

by making extrusions with double layers and sub-
sequently filling one with oil and the other one 
with water. This way one might double the mass 
with very low cost penalty. Clearly such possibili-
ties need to be investigated from the point of view 
of physics impact. 
 
B.12.3. Optimization of beam design: 
  We have used so far the NuMI medium beam 
configuration as the basis for our simulations. It is 
quite likely that another, hybrid configuration will 
be much more advantageous for this physics. 
 
 
 
B.13. Conclusions   
  This initial study of totally active detector con-
figuration leads us to believe that this option may 
indeed be the optimum basis for the NOνA ex-
periment.  The main reasons for this point of view 
are: 
a) The sensitivity for the detection of νµ  νe 

transition will very likely be somewhat better 
than that of the current baseline detector. 

b) A small signal should be more convincing 
because of relative cleanliness of the signal 
events. 

c) The very high suppression of the νµ  CC back-
ground may significantly reduce the system-
atic error in the far detector background cal-
culation, based on near detector measure-
ments, since it is this background that 
changes most significantly between the two 
detectors.   

d) The measurement capability of the TASD de-
sign for the parameters of the dominant oscil-
lation mode appears to be better than that of 
the baseline. 

e) Higher statistics will provide additional in-
formation, for example about the νe energy 
spectrum, which may be useful for determin-
ing the mass hierarchy. 

f) It is likely that the both the detector perform-
ance and analysis sensitivity quoted here can 
be significantly improved with additional 
studies and optimizations. 

 


